Non-pathogenic and opportunistic pathogenic yeasts can sometimes come in contact with and stimulate intestinal epithelial cells (IECs). For example, the nonpathogenic yeast species used for the production of fermented foods and probiotics such as Saccharomyces cerevisiae, Kluyveromyces lactis, Candida kefyr and Zygosaccharomyces rouxii can occasionally reach mammalian intestines by ingesting foods containing these cells. In addition, opportunistic pathogenic yeasts such as Candida albicans, C. glabrata, C. krusei, Cryptococcus neoformans and Malassezia furfur are present in mammalian intestines and respiratory tracts and on the surface of skin.
IECs function not only as a physiological barrier but also as an initiator of a host's innate immune responses to foreign substances, including microorganisms. Human-derived IECs and/or IEC lines (Caco-2, HT-29 and T84) have been shown to secrete cytokines, eicosanoids, and/or antimicrobial peptides in response to such stimuli as pathogenic and non-pathogenic bacterial cells [1] [2] [3] [4] [5] [6] and vegetable lectins. 7, 8) The exposure of IEC lines, including Caco-2, to butyric acid, a short chain fatty acid produced by bacterial carbohydrate fermentation in the mammalian intestine, 9, 10) has been found to alter the cytokine secretion, NF-B activation, arachidonic cascade, cell cycles, cell differentiation and alkaline phosphatase activity of these cells. [11] [12] [13] [14] [15] [16] We have previously shown that IEC-like Caco-2 cells cultured in a medium containing 10 mM butyric acid secreted interleukin-8 (IL-8/CXCL-8) in response to both non-pathogenic S. cerevisiae and the opportunistic pathogenic C. albicans.
17) The inclusion of 10 mM butyric acid in the medium enhanced the expression of mRNAs encoding Toll-like receptor (TLR) 1, TLR2, TLR6, and dectin-1, all of which recognize the cellular components of yeast.
C. albicans would alter the production of other cytokines and cyclooxygenases (COXs), as well as the response of Caco-2 cells to non-pathogenic yeasts derived from foods and opportunistic pathogenic yeasts from the human digestive and respiratory tracts and skin. The effect of adding butyric acid to the medium was also investigated. We found that a pre-culture of Caco-2 cells in a medium containing 10 mM butyric acid for 4 days without yeasts enhanced the basal levels of mRNA encoding various cytokines and COXs, and that additional stimulation of Caco-2 cells with live S. cerevisiae or C. albicans further enhanced IL-8 production, but not that of other cytokines and COXs. Several of the other non-pathogenic and opportunistic pathogenic yeasts also enhanced IL-8 secretion by Caco-2 cells.
Materials and Methods

Microorganisms. C. albicans JCM 1542
T and S. cerevisiae JCM 7255
T were purchased from the Japan Collection of Microorganisms (JCM) at RIKEN BioResource Center (Wako, Japan T were purchased from the NITE Biological Resource Center (NBRC; Chiba, Japan). Each microorganism was grown in YM broth (Difco Laboratories, Detroit, MI) at 25 C for 3 days, washed three times with phosphate-buffered saline (PBS) by centrifugation at 1000 Â g for 10 min at 4 C, resuspended in PBS, and kept at 4 C for no more than 2 days before co-culturing with Caco-2 cells. The number of viable cells in each suspension was estimated by the pour-plate count method, using potato dextrose agar (Eiken Chemical, Tokyo, Japan).
Co-culture experiment. Caco-2 (RCB0988) cells 18, 19) purchased from the Cell Bank at RIKEN Bioresource Center (Tsukuba, Japan) were cultured in Dulbecco's modified Eagle's medium (DMEM; Nissui Pharmaceutical, Tokyo, Japan) supplemented with 1 mM L-glutamine (Wako Pure Chemical Industries, Osaka, Japan), 10 mM HEPES (Dojindo, Kumamoto, Japan) and 15% heat-inactivated fetal bovine serum (FBS; PAA Laboratories, Linz, Austria) in 6-well culture plates (Becton Dickinson Labware, Franklin Lakes, NJ) at 37 C in an atmosphere of 5% CO 2 . For the co-culture with microorganisms, 1:5 Â 10 5 Caco-2 cells in 0.5 ml of medium were seeded onto (inside) a 12-mm Millicell-HA filter (Millipore, Bedford, MA), which was placed in 0.5 ml of medium in the well of a 24-well culture plate (Becton Dickinson Labware), and cultured for 6-7 days in the identical medium, changing the medium every day. Thereafter, the Caco-2 cells on the filters were incubated for 4 days in a medium containing or not FBS (15% or 0%) and butyric acid (10 mM or 0 mM) (Wako Pure Chemical Industries) adjusted to pH 7.4 with sodium bicarbonate, changing the medium every day. The Caco-2 cells were subsequently co-cultured for 7 or 24 h with each yeast cell species, added onto the presumably apical side of the Caco-2 cells (upper side of the Millicell-HA filter) in 0.5 ml of the medium with or without 15% FBS and 10 mM butyric acid. A fresh identical medium (0.5 ml) without yeasts was added to the presumably basolateral side of the Caco-2 cells (lower side of the Millicell-HA filter) just before the coculture.
RNA extraction and quantitative RT-PCR. Total RNA was isolated from the Caco-2 cells before and after coculturing by using an RNeasy mini kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions for animal cells, this being followed by a treatment with DNase (Qiagen). Template cDNA was synthesized from RNA by using an Omniscript reverse transcription kit (Qiagen) with oligo d(T) 12{18 primers (Invitrogen, Carlsbad, CA) and RNaseOUT recombinant RNase inhibitor (Invitrogen). Quantitative real-time PCR was performed by using a LightCycler real-time PCR system (Roche, Mannheim, Germany), with a QuantiTect SYBR Green PCR kit (Qiagen) and oligonucleotide primer pairs specific for IL-6, IL-8, IL-18, granulocytemacrophage colony-stimulating factor (GM-CSF), monocyte chemoattractant protein (MCP)-1/CCL2, stem cell factor (SCF), tumor necrosis factor (TNF)-, transforming growth factor (TGF)-1, TGF-2, TGF-3, COX-1, and COX-2, all purchased from Nihon Gene Research Laboratories (Sendai, Japan; Table 1 ). Each PCR protocol consisted of an initial heat activation step at 95 C for 15 min, this being followed by 40 cycles of denaturation at 94 C for 15 sec, annealing at the temperature shown in Table 1 for 20 sec, and extension at 72 C for the time shown in Table 1 . The relative concentration of each mRNA was calculated by using a standard curve generated from serially diluted standards, and the level of each transcript was normalized to that of GAPDH in the same sample.
Enzyme-linked immunosorbent assay (ELISA). The basolateral supernatant was collected after co-culturing, centrifuged at 1000 Â g for 5 min, divided into microtubes and stored at À80
C. The concentrations of IL-6, IL-8, MCP-1, and TNF-were measured by using ELISA kits from Pierce (Rockford, IL), and the concentration of human SCF was measured using ELISA kits from R&D Systems (Minneapolis, MN).
Statistical analysis. All statistical analyses were performed by using SPSS software (SPSS, Chicago, IL). The statistical significance of differences between means was calculated by using the two-sided Dunnett method for multiple comparisons. A result was considered statistically significant at P < 0:05.
Results
Effect of C. albicans or S. cerevisiae plus 10 mM butyric acid on the expression of cytokine and COX mRNAs Caco-2 cells were pre-cultured for 4 days in a medium containing 15% FBS, with or without 10 mM butyric acid, and then co-cultured for 7 h with C. albicans or S. cerevisiae (1 Â 10 6 CFU/well). We found that preculturing the Caco-2 cells with 10 mM butyric acid alone for 4 days enhanced the expression of mRNAs encoding IL-6, IL-8, IL-18, MCP-1, SCF, TGF-1, TGF-3, TNF-, COX-1 and COX-2, but had little effect on the expression of GM-CSF and TGF-2 mRNAs ( Table 2 ). The additional stimulation of Caco-2 cells with live S. cerevisiae or C. albicans (1 Â 10 6 CFU/well) for 7 h further enhanced the level of expression of only IL-8 mRNA, but had little effect on the expression of the other cytokine and COX mRNAs ( Table 2 ). In the absence of butyric acid, co-culturing with each yeast for 7 h had little effect on the expression of any of the cytokine and COX mRNAs ( Table 2) .
Effect of C. albicans or S. cerevisiae plus 10 mM butyric acid on cytokine secretion
To determine whether the enhancement of the cytokine mRNA expression level by yeast cells and/or butyric acid would lead to increased cytokine secretion, we assayed the IL-8, IL-6, MCP-1, SCF and TNFconcentrations in the basolateral medium of Caco-2 cell monolayers by ELISA. In the presence of 10 mM butyric acid and 15% FBS, C. albicans (2:1 Â 10 5 , 2:1 Â 10 6 and 2:1 Â 10 7 CFU/well) and S. cerevisiae (1:9 Â 10 5 , 1:9 Â 10 6 and 1:9 Â 10 7 CFU/well) each enhanced IL-8 secretion after 7 h and 24 h (Table 3 ). In contrast, the concentrations of IL-6, MCP-1, SCF and TNF-were all under the limit of detection in all experimental groups.
Effect of other yeasts on IL-8 secretion
To determine whether other yeasts enhanced IL-8 secretion from Caco-2 cells, cells precultured for 4 days with 10 mM butyric acid were co-cultured with several species of yeast for 7 or 24 h in the presence of 10 mM butyric acid and 15% FBS. The non-pathogenic yeasts (1:0 Â 10 7 CFU/well), S. cerevisiae, C. kefyr, C. utilis, C. versatilis, K. lactis, K. marxianus, S. pombe and Z. rouxii, and the opportunistic pathogenic yeasts (1:0 Â 10 7 CFU/well), C. albicans, C. glabrata, C. krusei, C. parapsilosis and C. tropicalis, all significantly increased the IL-8 secretion from Caco-2 cells (Fig. 1) .
Discussion
We have shown here that cultureing IEC-like Caco-2 cells in a medium containing 10 mM butyric acid and 15% FBS for 4 days enhanced the basal levels of mRNAs encoding IL-6, IL-8, IL-18, MCP-1, SCF, TGF-1, TGF-3, TNF-, COX-1, and COX-2, but not of GM-CSF and TGF-2. The addition of live S. cerevisiae or C. albicans further enhanced IL-8 production, but had no effect on the production of other cytokines and COXs. In addition, several other non-pathogenic yeasts used for the production of fermented foods and probiotics such as C. kefyr, C. utilis, C. versatilis, K. lactis, K. marxianus, S. pombe and Z. rouxii, and opportunistic pathogenic yeasts isolated from human tissue such as C. glabrata, C. parapsilosis, C. tropicalis, C. krusei also enhanced the IL-8 secretion by Caco-2 cells. IL-8 is a chemoattractant for neutrophils and monocytes, cells that play important roles in innate immune responses. 20, 21) Our results suggest that both non-pathogenic and opportunistic pathogenic yeasts can stimulate the intestinal immune system and that butyric acid in the intestines is important in the immune responses of IECs to yeasts.
Several beneficial effects are associated with the ingestion of non-pathogenic yeasts. For example, the ingestion of S. cerevisiae has been shown to improve the feed intake and milk production of calves, 22, 23) S. boulardii has been used for the treatment of human diarrhea, 24) and the ingestion of K. marxianus has been reported to decrease total cholesterol in the plasma and liver. 25, 26) Our findings suggest that the ingestion of certain kinds of yeast could induce mucosal immune responses, including IL-8 production, with beneficial effects for the host, thus allowing the immune system to react against foreign substances without harmful side effects in normal healthy subjects. 17) We observed no distinct differences in the effects of non-pathogenic and opportunistic pathogenic yeasts on IL-8 induction. IL-8 secretion may be due to the stimulation of Caco-2 cells by yeast cell wall components, including -glucan, mannan and chitin, which are common to both types of yeast. These components are recognized by several receptors expressed in mammalian cells, including TLR2, TLR4, TLR6 and non-TLRs such as dectin-1, complement receptor 3 and the mannose receptor, subsequently inducing immune re- T or S. cerevisiae JCM 7255 T for 7 or 24 h in 0.5 ml of a fresh medium added to the upper side. IL-8 secreted to the basolateral medium (0.5 ml) was measured by ELISA. Data are presented as the mean AE SD of three cultures.
Ã P < 0:05 compared with cells cultured without a yeast for the same time.
a ND, not detected. The minimum detectable doses of IL-6, MCP-1, SCF and TNF-were 2 pg/ml, 10 pg/ml, 9 pg/ml, and 2 pg/ml, respectively.
sponses. [27] [28] [29] [30] [31] [32] [33] [34] Thus, there may be little difference in the innate immune responses of IECs to non-pathogenic and opportunistic pathogenic yeasts. However, the precise structure of the active components of each yeast that are recognized by these receptors, and their expression levels in yeast cells, may be dependent on the yeast species, strains, and cell conditions. Moreover, in vivo, some opportunistic pathogenic Candida species can grow in the intestines and tissues, and cause an infectious disease, candidiasis, when the host immune responses are suppressed. 35) C. albicans is the most common pathogenic yeast reported to produce virulence factors and to grow into pseudohyphal and hyphal forms. [35] [36] [37] [38] [39] Other opportunistic pathogenic Candida species also have virulence factors and undergo morphological changes. 35) We have previously shown that C. albicans-induced IL-8 production by Caco-2 cells and the simultaneous decrease in transepithelial electrical resistance (TER) were greater than those induced by non-pathogenic S. cerevisiae. 17) Thus, among the yeast strains, there may be differences in viability, metabolic activity, adhesiveness, invasiveness in the intestine, and ease of excretion from the intestine, all of which could lead to different effects on hosts. In addition, it is necessary to establish other in vitro assay methods to characterize the in vivo differences in the immune system between non-pathogenic and opportunistic pathogenic yeasts.
We found in the present study that only the IL-8 secretion, and not the secretion of IL-6, MCP-1, SCF and TNF-, from Caco-2 cells was enhanced by stimulation with various non-pathogenic and opportunistic pathogenic yeasts including C. albicans (Table 3 and Fig. 1 ). However, in previous studies, it has been observed that the secretion of such cytokines as IL-1, IL-1, IL-6, TNF-and/or GM-CSF in addition to IL-8 was enhanced in oral and vaginal epithelial cells and keratinocyte by C. albicans [40] [41] [42] [43] and Malassezia spp. 43) It has also been reported that non-pathogenic and pathogenic bacteria such as probiotic Lactobacillus plantarum and L. johnsonii, 1-3) Bacillus subtilis (natto), 4) Salmonella dysenteriae, 5, 6) enteroinvasive Escherichia coli 5, 6) and Listeria monocytogenes 5) enhanced the secretion of various cytokines and eicosanoids in addition to IL-8 from IEC-like cells. The levels of secreted IL-8 induced by these bacteria were higher than those induced by the yeasts examined in our study. These differences in the patterns of cytokines secreted may have been due to differences in the stimulating active molecules, their quality and quantity, their receptors and subsequent signals inside the host cells, the kinds of stimulated host cells, and other environmental cells and substances including cytokines.
Butyric acid is known to have various effects on the cytokine production, cell cycles and alkaline phosphatase activity of IECs depending on the concentration of butyric acid and the Caco-2 cell conditions as discussed in our previous paper. 17) In the present study, 10 mM butyric acid enhanced the mRNA expression of IL-6, IL-8, IL-18, MCP-1, SCF, TGF-1, TGF-3, TNF-, COX-1, and COX-2. In contrast, butyric acid did not increase the basal mRNA expression levels of GM-CSF and TGF-2 ( Table 2 , 0 h of 0 mM and 10 mM butyric acid); although the basal expression levels were not less than those of IL-6, IL-8, TNF-, TGF-1, TGF-3, and COX-1, the latter were enhanced by 10 mM butyric acid (data not shown). The mechanisms for these different effects of butyric acid on different cytokines and COXs require further studies. IL-8 (pg/ml) FBS has been reported to have various effects on the proliferation and differentiation of Caco-2 cells. 44) We confirmed here that the addition of FBS to the culture medium affected the cytokine response of Caco-2 cells to yeasts and the growth of the latter (data not shown). Yeast enhancement of IL-8 production was only detected when Caco-2 cells were cultured in a medium containing 15% FBS and 10 mM butyric acid, and not in the absence of FBS. Moreover, the viable number of C. albicans was only increased in a medium containing FBS (data not shown). By contrast, the viable cell number of S. cerevisiae was decreased in both the presence and absence of FBS (data not shown). This decrease may have been due to the culture temperature of 37 C which is not optimal for the growth of S. cerevisiae. Nevertheless, Caco-2 cells secreted IL-8 in response to both C. albicans and S. cerevisiae only when FBS was added to the medium (data not shown). Further investigation is required to reveal the effect of serum component(s) on cytokine production and yeast activity in vitro.
In conclusion, we have shown here that several nonpathogenic yeasts as well as opportunistic pathogenic yeasts could induce IL-8 secretion from IEC-like Caco-2 cells. However, there are most probably certain differences in characteristics between non-pathogenic and pathogenic yeasts in vivo. Our results suggest that the ingestion of certain non-pathogenic yeasts can stimulate and/or modulate the host immune function without infection for normal healthy subjects, besides improving intestinal microflora.
